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D. Mechanical testing

Introduction
It is commonly known that the compressive strength of carbon fibre reinforced polymers is significantly lower than their tensile strength and much research is performed to address this problem. Basic research is needed to better understand the mechanics of compressive failure and for development of improved material models.
The governing failure mechanism in compression loaded fibre reinforced polymers is fibre kinking. Kink-bands develop when a cluster of fibres break from the loss of support of the surrounding polymer matrix. The support is lost due to matrix yielding and cracks caused by shear stresses. When a kink-band is formed fibres undergo rotations simultaneously in a local plane. This plane is referred to as the kink-plane and its orientation is studied in this paper.
As described in a recent review paper by Garcea et al. [1] , the use of X-ray computed tomography (CT) has grown significantly over the last decade. CT has enabled many types of study of composite materials that are simply not possible to perform by conventional microscopy. However, to the best of our knowledge only a few studies of compressive failure have used X-ray CT. Wang et al. [2] manufactured cylindrical rods with a diameter of 2.4 mm suitable for CT. The kink-bands were studied post-mortem. Geometric information of the kink-bands was obtained and information about the failure mechanisms within the kink-band was provided from tomographic reconstructions with high spatial resolution. CT monitored compressive tests have also been performed to study damage growth in-situ [3, 4] . The progression of a kink-band can occur with very high speed and an attempt to capture this using ultra-fast time-laps CT with a synchrotron X-ray source was made by Ueda et al. [3] . In a recent study by Emerson et al. [4] , kink-band formation and growth in notched CFRP specimens was studied in-situ using ultra-fast time-laps CT. Tracking of individual fibres enabled characterisation of fibre orientations with a very high level of accuracy.
In this study we use X-ray CT as a tool to characterise the kink-plane with the ambition to provide detailed information on the transition from out-of-plane to inplane kinking in a unidirectional (UD) composite. The kink-plane angle describes in which direction the kink-band is progressing. For instance, at 90
• kinking occurs out of the plane and at 0
• kinking occurs in the plane of the laminate. Physically based failure criteria used in numerical models, such as LaRC05 [5] , are dependent on an accurate prediction of the kink-plane angle. LaRC05's ability to predict the kink-plane angle for different off-axis angles is therefore evaluated by comparing finite element model predictions to CT measurements. Based on measured fibre misalignment data a novel material model is suggested.
Here, we study a unidirectional non-crimp fabric (NCF) carbon reinforced composite, a potential material for future aero-engine components. CT results from post-mortem analysis of unnotched, rectangular specimens from compression tests with different off-axis angles are presented. The variation of off-axis angles generates different levels of in-plane shear stress between laminates. By changing the magnitude of in-plane shear stress different kink-plane angles can be produced. 
Test specimens and mechanical compression tests
The unidirectional test specimens consist of HTS45 [6] carbon fibres and LY556 [7] epoxy resin. The non-crimp fabric (NCF) woven preform is made from 12k carbon fibre warp yarns and polyamide/glass weft yarns as illustrated in Fig. 2 tabs with a thickness of 1.6 mm were adhesively bonded on each side before watercutting the specimens. The laminates presented in Table 1 (B2, D1-D4) were tested according to ASTM standards D6641 and D3410 [8, 9] , with a nominal specimen size of 140 mm × 12 mm × 2 mm (length × width × thickness) and a gauge section length of 13 mm. The effect of specimen width on compressive strength was analysed in a separate study [10] . It was concluded that a nominal width of 12 mm is sufficient to accurately measure the compressive strength of the off-axis laminates considered here. Furthermore, the maximum fibre misalignment angle out-of-plane, θ max , which controls the compressive strength of the UD laminates (i.e. loaded along the fibres) was characterised by Wilhelmssson et al. [11] . The maximum out-of-plane misalign-5 ment angle was found to be 8.0
• for the studied UD laminate (i.e. of laminate B2
in [8, 9] . Both standards allow for a maximum of 10 % bending at failure for a test to be valid. It is noted in Table 2 that three out of five laminates exceeded this requirement. The issue of excessive bending has been thoroughly investigated in a previous study where it was concluded that it did not significantly affect the measured compressive strengths [11] .
X-ray micro-computed tomography
One specimen for each off-axis angle was selected for post-mortem analysis with X-ray CT. The scanned samples were in one piece, with the kink-band in the gauge section, as illustrated in Fig. 3 . Two types of X-ray tomography scans were performed on a Zeiss Xradia 520 Versa on all the investigated laminates with the settings listed in Table 3 . The first scan on each laminate was centered on the kink-band with a large field of view (FOV) of 13 mm × 13 mm (FOV 13 mm) to cover the full width of the sample providing an overview of the kink-band. The next scan with a small field of view of 3 mm × 3 mm (FOV 3 mm) was centered on the kink-band in the middle of the sample with respect to both width and thickness. This centering of the 6 second scan was based on the reconstruction of the first scan using the scout-and-scan principle by Zeiss.
The X-ray energy used for both types of scans was polychromatic up to 30 kV from a tungsten target and 5201 or 5801 projections were acquired during a full sample rotation of 360
• on a 2k × 2k CCD. A binning of two was applied to obtain shorter scan time and better signal to noise ratio on the expense of lower resolution.
Due to the different magnifications, the pixel size on the detector was 12.77 µm and 3.02 µm respectively in the two types of scan. The acquired 2D projections on the detector were reconstructed into 3D density maps by a Feldkamp algorithm for cone beam reconstruction [12] to 1k × 1k × 1k pixel volumes.
Experimental characterisation of ψ
A kink-plane is schematically illustrated in Fig. 4 as a local plane on which deformation lead to the formation of a kink-band. The kink-plane angle ψ is defined relative to the X-Y plane and can obtain a value between 0
• and 180
• . An angle ψ of
90
• represents a kink-band oriented out of the plane and an angle ψ of 0
means that the kink-band is oriented in the plane. We refer to these two extreme cases as "out-of-plane kinking" and "in-plane kinking" respectively. This method to characterise ψ is referred to as the "kink-offset method".
Numerical modelling
The finite element method (FEM) is used to predict the kink-plane angle ψ for the different off-axis angles. Based on measured fibre misalignment data a novel approach is presented. The spatial resolution of measured fibre misalignments is 100 µm. Experimentally characterised fibre waviness is mapped on a finite element mesh in Abaqus as local material orientations, similar to the work by Wilhelmsson et al. [13] . In this approach we use one in-plane and one out-of-plane 2D section respectively ( Fig. 7 ) and map these on a 3D mesh representing the gauge section ( Fig. 8) . We assume that the in-plane fibre misalignments are constant through the thickness and that the out-of-plane fibre misalignments are constant over the width.
The fibre orientation for each element becomes a combination of the in-plane, outof-plane and off-axis angle. Thus, a unique misalignment angle is given for each The generated 3D domain is discretised with second order hexahedral elements with full integration (C3D20) and the size is 100 µm to match the misalignment data discretisation. Mesh convergence has not been studied. However, the chosen meshsize is the same for all cases. Given that the FE results are of a qualitative nature generated to study the variation of the kink-plane orientation over the width and for different off-axis angles we consider the predicted trends reliable. The misalignment data is mapped directly by *orientation and *orientation table in conjunction with *solid section. The elastic properties of the homogenised UD composite material used in the model are presented in Table 4 . The longitudinal elastic modulus E 11 is calculated by the rule of mixtures (ROM) for a fibre volume fraction of 53 %, using fibre and matrix stiffnesses of 240 GPa and 3.2 GPa respectively [6, 7] . We use the theoretical value for E 11 since the FE model considers the local fibre orientations.
Note that the experimental value of the longitudinal stiffness contain the stiffness reduction caused by fibre waviness [11, 15] . The transverse and shear moduli reported in Table 4 were characterised for the same material system by Bru et al. [15] .
An elastic perturbation is given as a prescribed displacement on one face in the X-direction of the specimen with the opposite face fixed. This simulates a rigid attachment and is not meant to represent the experimental clamping with high fidelity.
A static simulation is performed with small deformation theory using an iterative With this approach we filter out local fluctuations and at the same time are able to describe the variation of ψ over the width.
Results and discussion
Experimental compression tests
Laminates D1-D4 have the fibres oriented in off-axis angles in the interval 5-20
• .
When tested in compression all these laminates failed by kinking of the fibres. This confirms previous observations by Edgren et al. [16] and Shipsa et al. [17] who found multiaxial NCF composites to fail by kinking for off-axis angles up to 20
• . Visual inspection and optical microscopy showed kinking to occur out-of-plane in all offaxis specimens. However, unlike the 0 • specimens, where kinking only took place out of the plane in the previous study [11] , the off-axis specimens were found to have a component of kinking also in the plane. Furthermore, as the off-axis angle was increased, the amount of in-plane kinking increased as well.
The measured compressive strength, stiffness and strain to failure are presented in Table 5 an increased off-axis angle was also observed in a recent study by Shipsa et al. [17] for an NCF composite. In that study it was noted to occur between 5 • and 10
As expected the elastic compressive stiffness is reduced as the off-axis angle is increased. The elastic modulus of the 0 • laminate of 102 GPa is reduced to 33 GPa for an off-axis angle of 20
• . Furthermore, the coefficient of variation for stiffness CV E is reduced as the off-axis angle is increased. This can be explained by a lower contribution from fibre waviness to the scatter for larger off-axis angles. Finally, the strain to failure was 0.39% for 0
• test samples and found to increase with an increase in off-axis angles up to 1.31% for 20
• off-axis angle. The stress-strain responses are not presented. They showed a typical linear relation up to failure for 0 • test specimens and became increasingly non-linear as the off-axis angle was increased.
Experimental results for ψ
Kink-plane angle ψ as function of off-axis angle measured by the CT and kinkoffset methods are presented in Fig. 10 . Since ψ varies along the width, it is the mean value which is presented in • . That is, the in-plane kink-offset (Fig. 4) becomes larger than the out-of-plane kink-offset (Fig. 4) at an off-axis angle of 13
With CT scans covering the full width of the specimens (12 mm), results presented 12 here for the first time describe the spatial variation of the kink-plane angle ψ. In Fig. 11 , the kink-plane angle ψ is presented along the width. The results show ψ to be relatively constant for lower off-axis angles with the kink-band mainly directed out-of-plane. However, for higher off-axis angles (≥15 • ) it varies significantly. The kink-plane angle ψ varies in a similar manner for the samples with high off-axis angles.
For these, the kink-band angle ψ has its maximum in the centre of the specimens.
The kink-plane has a stronger in-plane orientation at the specimen edges than in the centre. This is explained by in-plane shear as a longitudinal load-transferring mechanism at the free edges [10] .
The kink-offset method does not provide any information on the variation of ψ.
Nevertheless, as shown Fig. 10 it provides a simple and accurate methodology to measure the average kink-plane angle.
The kink-plane angle has been characterised post-mortem and not in-situ. However, recent results from notched circular specimens show that the kink-plane orientation is very similar from initiation to final failure [4] , supporting the validity of the post-mortem analysis performed here.
Supplementary data is provided with this article in the form of 3D tiff stacks from the CT scans [18] . Supplementary data comprise both the 13 mm FOV readings covering the whole domain and 3 mm FOV scans covering the centre of the kinkbands. From the 3 mm FOV data, individual fibres are visible which enables detailed analysis of the kink-bands. Supplementary data is also provided as videos of the 3D tomographic reconstructions for each off-axis specimen [18] .
Numerical predictions of ψ
Accurate modelling of compressive failure initiation and progression in composites depends on realistic predictions of the kink-plane angle ψ. In LaRC05 [5] , the kink- In typical applications, the initial fibre misalignment φ has to be non-zero for the prediction of kinking, else the strength would be infinite. Here, however, we use a φ value of zero since the waviness is modelled with local material orientations.
In Fig. 10 the predicted kink-plane angle ψ using FEM is plotted as function of off-axis angle together with the experimental results. The kink-plane angle ψ is calculated as the mean along the five paths for each off-axis angle. The linear trend observed experimentally is well captured by the numerical predictions. The predicted reduction in kink-plane angle ψ with increased off-axis angle is however smaller than found in experiments.
In Fig. 12 the predicted variation of ψ over the width is presented. For higher off-axis angles, the FE model consistently predicts higher kink-plane angles in the middle than at the free edges. This agrees well with experimental observations. The trend of smaller variation of ψ over the width for lower off-axis angles is also fairly well predicted.
Both the numerical model and the experimental measurements are based on one sample per off-axis angle. From a statistical point of view it is obviously difficult to fully evaluate the predictive capabilities of LaRC05. We can however conclude qualitatively that the main trends of how the kink-plane angle varies agree well with experimental results and thereby support the predictive capabilities of LaRC05.
The effect of ψ on compressive strength
The reason for limited dependency of compressive strength on off-axis angles were studied and discussed in the 1990's [19] . The inconsistency between case (a) and case (b) in Fig. 13 in terms of compressive strength was the main concern.
Why did a misalignment angle θ related to fibre waviness have a significant drop in strength and the same magnitude of misalignment θ associated with an uniform off-axis misalignment have a low effect? In this study with aid from state-of-the art characterisation methodology and numerical tools we are able to contribute with further knowledge on this topic.
Comparison between Figures 9 and 10 reveals that whereas the kinking angle varies linearly with increased off-axis angle the compressive strength is practically constant for the off-axis angles 0 • , 5
• and 10
• and suddenly drops as the off-axis angle reaches 15
• . In an earlier study on the compressive strength of the UD composite material (0 • ) featuring a variation in out-of-plane fibre misalignment angles a strong correlation between the compressive strength and the maximum out-of-plane fibre misalignment angle was reported [11] . Furthermore, all these UD laminates loaded in the fibre direction failed by kinking out of plane. In contrast, the off-axis tests performed in the current study demonstrate a conspicuous competition between outof-plane and in-plane kinking. As shown in Fig. 10 , as soon as an off-axis compressive load is applied the kink-plane orientation is changing to become more oriented in the plane. This successive alignment of the kink-plane with the XY-plane results from an increased shear stress acting in-plane. The experienced shear stress on the kink-plane as function of the off-axis angle thus increases as a consequence of both its increased alignment in-plane and the increased in-plane shear stress. In addition, shear stresses from a projection of the fibre waviness on the kink-plane are also acting on the kink-plane. A kink-band will initiate when the local shear strength in the kink-plane has been exceeded by these two sources of shear stress combined. Consequently, the contribution from the in-plane shear stress component caused by small off-axis angles will cause the kink-plane to rotate but may not affect the compressive strength significantly. The transition from out-of-plane to in-plane kinking with a sudden drop in strength can be viewed as a competition between shear stresses caused by out-of-plane fibre waviness and in-plane shear stresses caused by off-axis fibre misalignment. Consequently, higher fibre waviness out-of-plane will result in a delay of the transition.
As discussed above, fibre kinking occurs when the local shear strength on the kink-plane is exceeded. It depends mainly on the fibre misalignments and the stress state in the kink-plane. There are however a number of additional factors involved which affect the onset of fibre kinking. Firstly, we suggest that the difference in coupon thickness to width influence the kink-band formation. That is, more energy is needed to form a kink-band across the width than through the thickness of the test coupon. This will delay a shift from out-of-plane to in-plane kinking. Secondly, the studied composite is not transversely isotropic. The UD composite shows a significant difference in the out-of-plane shear and in-plane shear strengths. The out-of-plane shear strength S 13 is 56.7 MPa whereas the in-plane shear strength S 12 is 77.8 MPa. Hence, to cause kinking in the plane, the higher in-plane shear strength value must be exceeded. This will further delay the shift from out-of-plane to inplane kinking. Only one longitudinal shear strength (S L ) can be defined in the current version of the LaRC05 failure criteria and this is identified as a limitation considering the significant difference of S 13 and S 12 of the composite. Thirdly, it appears that waviness characteristics are different in-plane and out-of-plane, even though the maximum misalignment angles are similar. As reported by Wilhelmsson et al. [11] the waviness for laminate B2 is periodic out-of-plane whereas it is found here to be more randomly oriented in the plane. This observation is based on a micrograph of an in-plane section (20 mm × 12 mm). Results show that a laminate with sinusoidal waviness has a lower compressive strength compared to laminates with the same maximum misalignment angle but with random waviness [11] . This will again postpone a shift from out-of-plane to in-plane kinking.
There is a correlation between the experimental error CV X C and compressive strength X c presented in Table 5 . By characterising the fibre waviness for multiple 0 • specimens, it was concluded that the variability in strength was mainly caused by the variability in fibre waviness [11] , which is a defect in the material. For off-axis angles of [15] [16] [17] [18] [19] [20] • failure is controlled by the magnitude of in-plane shear, which is related to the off-axis angle. Variability of the off-axis angle for different specimens within a laminate has not been quantified in this study but is expected to be significantly lower than the variability in fibre waviness. Consequently, the drop for CV X C is related to a change in failure initiation from defect-controlled to in-plane shear-controlled. This is also supported by data in Table 5 where the local shear stress at failure τ 
Conclusions
The kink-plane angle ψ describes the orientation of the plane in which the kinkband is forming. It is important to understand how it varies and how it relates to compressive strength. In this paper a dedicated experimental and numerical study of are calculated from a stress transformation based on the X C value and the off-axis angle. shown for each off-axis angle whereas 10 locations are used for the measurements. Videos of the 3D tomographic reconstructions are provided as supplemantary data [18] . Off-axis specimens 5
• ,
10
• and 15
• were tested with the CLC fixture [8] and the 0 • and 20
• specimens were tested with the ITRII fixture [9] . 
